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The temperature dependence of the hydrodynamic boundary condition between a PDMS melt and
two different non-attractive surfaces made of either an OTS (octadecyltrichlorosilane) self-assembled
monolayer (SAM) or a grafted layer of short PDMS chains has been characterized. A slip length
proportional to the fluid viscosity is observed on both surfaces. The slip temperature dependence is
deeply influenced by the surfaces. The viscous stress exerted by the polymer liquid on the surface
is observed to follow exactly the same temperature dependences as the friction stress of a cross-
linked elastomer sliding on the same surfaces. Far above the glass transition temperature, these
observations are rationalized in the framework of a molecular model based on activation energies:
increase or decrease of the slip length with increasing temperatures can be observed depending on
how the activation energy of the bulk viscosity compares to that of the interfacial Navier’s friction
coefficient.
Modeling fluid flows in channels is a general problem in
science and engineering. For ideal liquids, the situation
is simple: there is no dissipation due to fluid movement.
For real liquids, some energy is lost. Navier [1] identi-
fied two possible sources of dissipation: bulk dissipation,
associated to the friction between layers of liquid, and
surface dissipation, associated to the friction of the last
layer of liquid molecules sliding on the solid surface. The
bulk dissipation can be obtained assuming a linear rela-
tion between the shear stress and the velocity gradient,
which, for incompressible fluids, gives the Navier-Stokes
equation. For surface dissipation, a classical assumption
is that a liquid element adjacent to the surface assumes
the velocity of the surface, i.e. a non-slip boundary con-
dition, which leads to no surface dissipation. Indeed,
Navier, postulated the existence of a slip velocity at the
surface. He proposed a linear relation between the shear
stress at the solid-liquid interface and the slip velocity:
σfluid→surface = kV , where k is the interfacial friction
coefficient, sometimes called the Navier’s coefficient, as-
sumed to be independent of the shear rate, and V is the
slip velocity. It is thus possible to define the slip length
as the distance from the solid surface where the fluid ve-
locity profile extrapolates linearly to zero (see Figure 1a).
Balancing the viscous stress exerted by the fluid on the
solid σ = ηγ˙, where η is the fluid viscosity and γ˙ is the
shear rate, to the friction stress proposed by Navier gives:
b =
η
k
(1)
The slip length, if it exists, is thus the ratio of two quanti-
ties characterizing respectively bulk and surface dissipa-
tion mechanisms. In this equation, both η and k should
depend on the temperature.
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Slip length determination in the case of simple flu-
ids has been the subject of intensive experimental [2–7]
and theoretical/numerical [8–12] research over the last 20
years. Despite this strong activity, there is still no quan-
titative agreement between experiments and numerical
simulations, due in part to the experimental difficulties
in accurately measuring slip lengths of molecular sizes,
and also to the extreme sensitivity of slip lengths to tiny
molecular details of both surface and fluid. There is at
present a consensus to say that the interfacial friction
of simple fluids depends on the molecular nature of the
surfaces, the liquid-solid interaction energies, the local
liquid ordering at surfaces and the roughness of the sur-
faces. However, the effect of temperature on the slip of
simple liquids remains largely unknown despite the fact
that the temperature dependence constitutes an interest-
ing way to identify the molecular mechanisms of friction
at the solid-liquid interface
Contrary to simple liquids, polymer melts can present
slip lengths much larger than the size of the molecules.
This has been first inferred from the study of extrusion
instabilities [13, 14] and has applications in polymer ex-
trusion [15–17], adhesion [18, 19] or lubrication in in-
dustrial processes [20]. In 1979, de Gennes proposed a
simple physical picture for the slip of polymer melts on
ideal non-adsorbing surfaces [21]. He assumed that the
interfacial friction coefficient of a simple fluid made of
monomers is the same as that of a polymer melt made
of the same monomers. The intuitive physical argument
is that in both cases monomers are sliding on the sur-
face. The slip length would then be controlled by the
fluid viscosity: b = η/kmelt with kmelt independent of the
polymer molecular weight, and depending only on the
chemical nature of the liquid and of the surface. The
linear relation between slip length and viscosity has been
well established by different groups [22–25]. From a the-
oretical point of view, using polymer fluids to investigate
slip is timely since it provides an efficient tool to test the
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2molecular mechanisms of slip: indeed, polymers enhance
the degree of slip, making measurements easier, and allow
one to vary the fluid viscosity in a wide range, without
affecting the local interactions at the solid fluid interface.
Quite recently, Hénot et al. [25] showed experimentally
that the friction stress exerted by a PDMS melt flow-
ing on a solid surface is equal to the friction stress of
a cross-linked PDMS sliding on the same solid surface,
providing a simple experimental proof of the local origin
of the interfacial friction.
However, little is known about the effect of tempera-
ture on the slip of polymer melts. Numerical simulations
report non-monotonic behaviors of the slip length with
respect to the temperature [10, 26]. From an experimen-
tal point of view, Wang and Dra measured a slip length of
HDPE almost independent of the temperature [27]. More
recently, Bäumchen et al. [28] compared the slip length
of polystyrene on three substrates for different temper-
atures : they showed that the slip length can decrease
or be constant with the temperature depending on the
substrate.This could be indicative of an effect of the tem-
perature on the interfacial friction coefficient k. In view
of the available literature, the temperature dependence
of the slip of polymer fluids appears puzzling and seems
to depend on the studied system.
In this letter, we present an investigation of the effect
of temperature on the slip length for a PDMS melt flow-
ing on two ideal non-adsorbing surfaces: a self-assembled
monolayer (SAM) of octadecyltrichlorosilane (OTS) and
a layer of end-tethered non-entangled PDMS chains. The
choice of these model polymer and surfaces allows us to
clearly establish that either strong or small effects of the
temperature on the slip length can be observed depend-
ing on the nature of the surface. Comparing the friction
stresses exerted by a PDMS melt or by a cross-linked
PDMS elastomer at different temperatures on the same
solid, we show that it is indeed possible to separate the
effect of temperature on respectively bulk and surface dis-
sipation. This allows us to propose what we think to be
a first rationalization of the quite different temperature
dependences observed for the slip lengths, in terms of rel-
ative values of bulk and surface activation energies of the
corresponding bulk and surface dissipation processes.
Materials and methods. A silanol terminated
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FIG. 1. a. Measurement of the slip length b of a PDMS melt
on different surfaces by velocimetry using photobleaching. b.
Measurement of the coefficient of friction k of a cross-linked
PDMS lens on different surfaces.
PDMS melt with number average molecular weightMn =
685 kg·mol−1, Ð = 1.22 was used. This melt was ob-
tained by controlled fractionation of a commercial batch
(ABCR Petrarch PS349.5), and mixed with 1wt% of flu-
orescent labeled photobleachable PDMS chains with a
number average molecular weight Mn = 321 kg·mol−1,
Ð = 1.18. The chains were labeled at both chain-ends
with nitrobenzoxadiazole (NBD) fluorescent groups emit-
ting at 550 nm when excited at 458 nm [29, 30]. This
particular label has been chosen for its good miscibility
with PDMS. The 1 % concentration in labeled chains
has been chosen to ensure that the dynamic properties
(viscosity, self-diffusion) of the bulk melt are not not-
icabely affected by the presence of the labeled chains
while the large molecular weight of the labeled chains
ensures that there is no segregation of the labed chains
towards the surface (as revealed by EWILF) [31]. The
liquid was sandwiched between two surfaces separated by
mylar spacers of thickness h = 100 µm. The top solid was
made of fused silica and was cleaned with a piranha solu-
tion [32] just before assembling the flow cell. The bottom
surface, on which slip was investigated, was the polished
surface of a 3 mm thick silicon wafers having either a co-
valently grafted SAM of OTS [33] or PDMS brushes of
molecular weight 2 kg·mol−1 covalently grafted by hydro-
sylilation [34]. The fabrication procedures are detailed in
the supplementary materials. The contact angle of water
on these surfaces was close to 115 ◦ and the advancing
contact angle of dodecane was θa = 34 ◦ with an hystere-
sis of 1 ◦.
The experimental technique used to measure the slip
lengths is described in detail in the supplementary ma-
terials and with a discussion on the resolution in [35]. It
is an improved version of the velocimetry technique de-
scribed by Léger et al. [36]. As can be seen in Figure 1a,
the determination of the slip length relies on the obser-
vation of the evolution under simple shear of a pattern
drawn in the fluorescent polymer using photobleaching.
The pattern is a line which is vertical in one direction
and tilted in the direction perpendicular to the shear.
Because of this simple geometry, the observation of the
pattern from the top allows one to follow independently
portions of the liquid as a function of their vertical po-
sition between the two plates. Hence the displacement
field of the fluid under shear can be reconstructed. This
allows for independent measurements of the slip lengths
at both surfaces and of the real shear rate γ˙ experienced
by the polymer melt during the shear. The whole exper-
iment is mounted in a temperature controlled box.
The solid-friction measurements were performed on an
evolution of the apparatus described by Bureau et al. [37]
and later by Cohen et al. [38]. It consists in a millimetric
semi-spherical lens made of cross-linked PDMS in contact
with a planar surface. The lens can move at a chosen
velocity V and both the friction force F and the contact
area A are monitored during the experiment. The friction
force is obtained by monitoring the deflection of a double
beam cantilever.
Results. The slip lengths of a PDMS melt investi-
3FIG. 2. Slip length of a PDMS melt of molecular weight
685 kg·mol−1 as a function of the shear velocity for differ-
ent temperatures on a OTS surface and on a grafted layer of
PDMS.
gated at temperatures going from 17.4 ◦C to 50 ◦C on
an OTS surface and on a grafted layer of PDMS are re-
ported in Figure 2 as a function of velocity of the top
plate Vshear. The range of investigated velocities Vshear is
fixed by the setup limits for high velocities and by a small
amount of adsorbed chains of the melt on the surfaces for
small velocities, leading to a slip transition [36]. First, we
see a significant difference in slip length between the two
surfaces as previously observed on the same system [35].
On OTS, on which the slip lengths are larger, they clearly
depend on the temperature. We observe a 40 % increase
in slip length when the temperature is increased from
17.4 ◦C to 46 ◦C. For each temperature, the observed
slow decrease of the slip lengths when increasing shear
rate can be related to the shear thinning of the melts for
the shear rates of the experiments [25]. In contrast, on
the grafted layer of PDMS, the temperature dependence
is significantly weaker.
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FIG. 3. Slip length of a PDMS melt of molecular weight
685 kg·mol−1 as a function of the viscosity at the given shear
rate for different temperatures on an OTS surface (a) and
on a grafted layer of PDMS (b). The dashed lines are linear
adjustments of the data. The legend of these markers is the
same as in Figure 2.
To be more quantitative, the rheological properties of
the melt were measured (see Supplementary materials.
Knowing the shear velocities and the slip length, we can
deduce the real shear rate experienced by the fluid, and
plot in Figure 3, the slip lengths as a function of the
viscosity at the corresponding shear rates. For each tem-
perature, a linear relation between b and η is observed.
The slope, which corresponds to the inverse of the in-
terfacial or Navier’s friction coefficient kmelt, appears to
depend both on the chemical nature of the surface and
on the temperature. We see that, on both surfaces, this
friction coefficient decreases with the temperature.
FIG. 4. Friction stress of a cross-linked lens of PDMS on an
OTS surface (a) and on a grafted layer of PDMS (b) as a
function of the sliding velocity. The measurements were done
for different temperatures. The dashed lines represent linear
fits of the data.
In order to gain a better insight into the friction mech-
anisms, we have also measured the solid sliding friction of
a cross-linked PDMS elastomer lens on the same surfaces
as a function of the temperature. From the friction force
F and the contact area A directly accessible in the exper-
iment as a function of the sliding velocity V , we deduced
the friction stress σ = F/A. Figure 4 shows the friction
stress as a function of the velocity for different temper-
atures on both surfaces. The sliding velocity is limited
to 100 µm·s−1 on OTS and 200 µm·s−1 on the grafted
PDMS layers, due to contact instabilities related to the
apparition of Schallamach waves at the rubber-surface
interface [39]. At a given temperature, the velocity de-
pendence is linear, of the form σ(V ) = σ0 + kelastomerV
with the constants σ0 and kelastomer depending on tem-
perature and on the chemical nature of the surface. For
the grafted layer of PDMS, the behavior is compatible
with that observed by Bureau and Cohen [37, 38] on
the same surface at room temperature. It can be seen
that the values of the friction coefficients are almost twice
lower on OTS than on PDMS layers. It can be noticed
that our results are close in order of magnitude to those
of Vorvolakos et al. [40] on hexadecylsiloxane SAM who
measured σ(65 µm·s−1) = 11 kPa at 45 ◦C. This value
falls between our OTS and grafted PDMS layer data.
Figure 5.a gathers both solid friction coefficient
kelastomer and interfacial Navier’s coefficient kmelt as a
function of the temperature on respectively the OTS
SAM and the grafted PDMS layer. All friction coeffi-
cients depend on the chemical nature of the surface. It
appears that the solid friction coefficient of the PDMS
elastomer and the interfacial friction coefficient of the
4PDMS melt on the same surface are equal. Note there is
no adjustable parameter in this comparison. The friction
coefficients decrease with increasing temperature, with a
faster decrease on the OTS surface than on the grafted
PDMS layer.
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FIG. 5. (a) Friction coefficient of a cross-linked lens of PDMS
(solid markers) and of a PDMS melt (empty markers) on an
OTS surface (blue markers) and on a grafted PDMS layer
(red markers) as a function of temperature. (b) The friction
coefficient for the same data plotted in a logarithmic scale as
a function of the inverse of the temperature. The red and
blue curves represent the fits of an activated processes.
Indeed, the temperature dependence of the friction of
PDMS elastomers on solids was investigated by Schalla-
mach [39, 41], Grosch [42] and later by Ronsin et al. [43]
and Vorvolakos et al. [40]. They reported a decrease of
the friction stress with increasing temperature, as ob-
served here. They invoked an activated attachment-
detachment mechanism for the solid friction, so that
the friction obeys an Arrhenius law with an activation
energy Eelastomer: kelastomer ∝ exp(Efriction/RT ), with
R the ideal gas constant. Following similar assump-
tions, the solid friction and the interfacial Navier’s co-
efficients are reported as a function of the inverse of the
temperature in a log-lin scale plot, in Figure 5b. On
the OTS surface and on the grafted layer of PDMS,
we measure activation energies of Efriction,melt(OTS) =
21.3 ± 4.0 kJ·mol−1, Efriction, elastomer(OTS) = 24.6 ±
3.3 kJ·mol−1, Efriction,melt(PDMS) = 10.6±7.1 kJ·mol−1
and Efriction, elastomer(PDMS) = 15.8 ± 2.3 kJ·mol−1, re-
spectively. The error bars have been estimated with an
error-weighted least-squares fit to ln(k) vs. 1/T. The
activation energies found by the two different experi-
ments are consistent within the error bars. For com-
parison, Vorvolakos measured an activation energy of
Efriction = 25 kJ·mol−1 for PDMS on a monolayer of
grafted hexadecylsiloxane [40].
The bulk viscosity of a polymer melt is also considered
as an activated process in the Newtonian regime (for tem-
perature much higher than the glass transition tempera-
ture. Here Tg = −127 ◦C.). It is thus common to write
η ∝ exp(Eviscous/RT ). Using the WLF theory on our ex-
periments (see Supplementary material citing [44–47]),
an activation energy for a PDMS viscous flow was calcu-
lated: Eviscous = 16.3± 2.8 kJ·mol−1, in good agreement
with the literature (Eviscous = 15 kJ·mol−1) [48, 49].
As the slip length is given by the ratio of the viscosity
by the interfacial friction coefficient, the temperature de-
pendence of the slip length simply results from the com-
parison between the bulk molecular movement activation
energy Eviscous and the surface molecular movement ac-
tivation energy Efriction:
b(T ) ∝ exp
(
Eviscous − Efriction
RT
)
(2)
On the OTS surface, Eviscous < Efriction, leading to in-
creasing slip lengths with temperature. On the grafted
PDMS layer, Eviscous ≈ Efriction, which leads to a weak
temperature dependence, as observed in our experiments.
The proposed mechanism of thermodynamically acti-
vated friction leading to eq.(1) predicts also that the slip
length can decrease with the temperature if Eviscous >
Efriction. This is not observed in the two cases of this
article, but Bäumchen et al. reported for polystyrene
(13.7 kg·mol−1) flowing on DTS a slip length decreasing
from 6 µm to 1 µm when the temperature is increased
from 383 K to 403 K [28]. It should be noticed however,
that these experiments have been performed close to the
glass transition temperature where the use of a simple ac-
tivation mechanism could be questionable both for η(T )
and k(T ). As a consequence, our model is probably too
simple to be generalized to glassy system even though
it gives a good qualitative explanation of the observed
temperature dependences.
In conclusion, we have measured the temperature de-
pendence of the hydrodynamics boundary condition be-
tween a PDMS polymer melt and two different surfaces
allowing one to extract the friction stress exerted by
the fluid on the solid surface. We characterized inde-
pendently the temperature dependence of a cross-linked
PDMS elastomer on the same surfaces, thus confirming
the identity of the solid and of the Navier’s friction co-
efficients. We showed that both the friction stress of a
liquid and of an elastomer decrease with the tempera-
ture following Arrhenius laws. We conclude that either
an increase or a decrease of the slip length with respect to
5the temperature can be observed, depending on the com-
pared values of the bulk viscosity and of the interfacial
friction activation energies. This new result shines some
light on the molecular mechanisms which determine the
hydrodynamic boundary condition in polymeric or sim-
ple fluids.
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